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@  Method  of  making  high  dielectric  constant  insulators  and  capacitors  using  same. 

An  improved  method  of  fabricating  a  stable  high  dielec- 
tric  constant  and  low  leakage  dielectric  material  includes 
oxidizing  at  a  temperature  of  about  400°C  or  higher  a  layer 
of  a  transition  metal-silicon  alloy  having  40%  to  90%  tran- 
sition  metal  by  atomic  weight  to  produce  a  silicate  or  homo- 
geneous  mixture.  The  mixture  includes  an  oxide  of  the 
transition  metal  and  silicon  dioxide.  The  alloy  may  be  de- 
posited  on,  e.g.,  a  semiconductor  or  an  electrically  conduc- 
tive  layer  that  is  oxidation  resistant,  and  the  thickness  of  the 
mixture  or  oxidized  alloy  should  be  within  the  range  of  5  to 
50  nanometers.  By  depositing  an  electrically  conductive 
layer  on  the  homogeneous  mixture,  a  capacitor  having  a 
high  dielectric,  low  leakage  dielectric  medium  is  provided. 



The  i n v e n t i o n   r e l a t e s   to   a  m e t h o d   of  f a b r i c a t i n g   h i g h   d i -  

e l e c t r i c   c o n s t a n t   i n s u l a t o r s ,   p a r t i c u l a r l y   a  d i e l e c t r i c  

m a t e r i a l   h a v i n g   a  h i g h   q u a l i t y   i n d e x   f o r   use   in   t h e   i n t e -  

g r a t e d   s e m i c o n d u c t o r   c i r c u i t   t e c h n o l o g y ,   and  to   c a p a c i t o r s  

u s i n g   s a m e .  

For   v e r y   d e n s e   i n t e g r a t e d   s e m i c o n d u c t o r   c i r c u i t s ,   s u c h  

as  known  d y n a m i c   f i e l d   e f f e c t   and  b i p o l a r   t r a n s i s t o r  

memory  c i r c u i t s ,   s m a l l   h i g h   c a p a c i t a n c e   s t o r a g e   n o d e s  

a r e   n e c e s s a r y   to   r e l a x   d e s i g n   r e q u i r e m e n t s   f o r   d r i v e r ,  

r e f r e s h   and  s e n s e   c i r c u i t s .  

A l t h o u g h   s i l i c o n   d i o x i d e   i s   s u c c e s s f u l l y   and  c o m m o n l y  

u s e d   as  t h e   d i e l e c t r i c   m a t e r i a l   in   s t o r a g e   c a p a c i t o r s  

or  n o d e s ,   c o n s i d e r a t i o n   has   b e e n   g i v e n   to   t h e   u se   o f  

v e r y   t h i n   t h e r m a l   s i l i c o n   n i t r i d e   and  h i g h   d i e l e c t r i c  

c o n s t a n t   t r a n s i t i o n   m e t a l   o x i d e s ,   s u c h   as  t a n t a l u m  

o x i d e   (Ta205)   and  h a f n i u m   o x i d e   (Hf02)   f o r   p r o v i d i n g  

i m p r o v e d   s t o r a g e   c a p a c i t o r s .   I t   has   b e e n   f o u n d   t h a t   t h e  

t h e r m a l   n i t r i d e   i s   d i f f i c u l t   to   p r e p a r e   a t   t e m p e r a t u r e s  

b e l o w   1050°C   and  r e q u i r e s   a  v e r y   low  dew  p o i n t   n i t r o g e n  

f u r n a c e   a t m o s p h e r e .   The  t r a n s i t i o n   m e t a l   o x i d e s   a r e  

d i f f i c u l t   to   p r e p a r e   s u f f i c i e n t l y   t h i n   to   p r o v i d e   t h e  

d e s i r e d   c o m b i n a t i o n   of  h i g h   c a p a c i t a n c e ,   low  e l e c t r i c a l  

l e a k a g e   and  s u b s t a n t i a l   v o l t a g e   b r e a k d o w n   s t r e n g t h   a n d  

t h e y   a r e   g e n e r a l l y   n o t   s t a b l e   a t   h i g h   t e m p e r a t u r e s .  
The  t r a n s i t i o n   m e t a l   o x i d e s   m u s t   be  f a b r i c a t e d   a t   l o w  

t e m p e r a t u r e s   to   s u p p r e s s   r e c r y s t a l l i z a t i o n ,   w h i c h  

c a u s e s   s i g n i f i c a n t l y   h i g h e r   e l e c t r i c a l   l e a k a g e .   T r a n s -  

i t i o n   m e t a l   o x i d e s   a r e   d i s c u s s e d   in  an  a r t i c l e   e n t i t l e d ,  

"A  S t a c k e d   High   C a p a c i t o r   RAM",  by  0.  K u n i i c h i ,   e t   a l ,  

IEEE  I n t e r n a t i o n a l   S o l i d   S t a t e   C i r c u i t s   C o n f e r e n c e ,  

F e b r u a r y   1 9 8 0 ,   pp.   6 6 - 6 7 .   I t   s h o u l d   be  u n d e r s t o o d   t h a t  



t r a n s i t i o n   m e t a l s   a r e   m e t a l s   t h a t   have   u n f i l l e d   o u t e r  

e l e c t r o n   v a l e n c e   s h e l l s   w h i c h   g e n e r a l l y   a r e   a t   D  and  P 

e n e r g y   l e v e l s   of  t h e   a t o m i c   s t r u c t u r e .  

I t   i s   a l s o   known  to  p r o d u c e   i n s u l a t i n g   l a y e r s   by  o x i d i z -  

i ng   m e t a l   s i l i c i d e s ,   s u c h   as  t u n g s t e n   s i l i c i d e   (WSi2 )  a n d  

m o l y b d e n u m   s i l i c i d e   (MoSi2)  to   fo rm  p r o t e c t i v e   l a y e r s   o f  

s i l i c o n   d i o x i d e ,   e i t h e r   as  an  i n s u l a t o r   d i s p o s e d   b e t w e e n  

e l e c t r i c a l l y   c o n d u c t i v e   l i n e s   or  as  a  p a s s i v a t i n g   l a y e r .  

O x i d a t i o n   of   WSi2  d e p o s i t e d   on  a  s i l i c o n   or  p o l y s i l i c o n  

s u b s t r a t e   to   f o rm  a  p r o t e c t i v e   o v e r l a y e r   of  s i l i c o n   d i -  

o x i d e   i s   t a u g h t   i n ,   e . g . ,   an  a r t i c l e   e n t i t l e d   " O x i d a t i o n  

M e c h a n i s m s   in   WSi2  Th in   F i l m s " ,   by  S.  Z i r i n s k y ,   W.  H a m m e r ,  

F.  d ' H e u r l e   and  J .   B a g l i n ,   in  A p p l i e d   P h y s i c s   L e t t e r s  

3 3 ( 1 ) ,   1  J u l y   1978 .   O x i d a t i o n   of  MoSi2  d e p o s i t e d   on  m o -  

l y b d e n u m   to   fo rm  a  p r o t e c t i v e   o v e r l a y e r   of  s i l i c o n   d i -  

o x i d e   i s   t a u g h t   in  U.  S.  P a t e n t   4  227  944,   f i l e d   b y  

D.  M.  Brown  e t   a l   on  J u n e   11,  1979 .   The  s i l i c o n   d i o x i d e  

p r o d u c e d   by  o x i d i z i n g   t h e s e   m e t a l   s i l i c i d e s   has   a l l   t h e  

known  d i e l e c t r i c   p r o p e r t i e s   and  c h a r a c t e r i s t i c s   of  s i l i -  

con  d i o x i d e   i n c l u d i n g   a  d i e l e c t r i c   c o n s t a n t   of  3 .9   b u t   a  

h i g h e r   c u r r e n t   l e a k a g e   t h a n   e x h i b i t e d   by  t h e r m a l l y   g r o w n  
s i l i c o n   d i o x i d e   f rom  a  s i n g l e   c r y s t a l   s i l i c o n   s u b s t r a t e .  

T h e  i n v e n t i o n   as  c l a i m e d   i s   i n t e n d e d   to   r e m e d y   t h e s e   d r a w -  

b a c k s .   I t   s o l v e s   t h e   p r o b l e m   of  how  to  p r o v i d e   a  s i m p l e  

p r o c e s s   f o r   m a k i n g   an  i n s u l a t i n g   m a t e r i a l   h a v i n g   a  s u b -  

s t a n t i a l l y   h i g h e r   d i e l e c t r i c   c o n s t a n t   t h a n   t h a t   of  s i l i -  

con  d i o x i d e   and  low  c u r r e n t   l e a k a g e   c h a r a c t e r i s t i c s ,   w h i c h  

i s   c h e m i c a l l y   s t a b l e   w i t h i n   a  w i d e   r a n g e   of  t e m p e r a t u r e s ,  

i . e . ,   b e t w e e n   a b o u t   - 1 5 0 ° C   and  + 1 3 0 0 ° C .   A n o t h e r   a s p e c t   o f  

t h i s   i n v e n t i o n   i s   t h e   p r o v i s i o n   of  an  i m p r o v e d   s t o r a g e  

c a p a c i t o r   w h i c h   i n c l u d e s   a  d i e l e c t r i c   medium  h a v i n g   a  

h i g h   d i e l e c t r i c   c o n s t a n t   p r o d u c e d   by  t h e   p r o c e s s   o f  

t h i s   i n v e n t i o n .  



In  a c c o r d a n c e   w i t h   t h e   t e a c h i n g s   of  t h i s   i n v e n t i o n ,   a n  

i m p r o v e d   m e t h o d   of  f a b r i c a t i n g   a  s t a b l e   h i g h   d i e l e c t r i c  

c o n s t a n t   and  low  l e a k a g e   d i e l e c t r i c   m a t e r i a l   i n c l u d e s  

o x i d i z i n g   a  l a y e r   of   a  t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y  

h a v i n g   40%  to   90%  by  a t o m i c   v o l u m e   of  t h e   t r a n s i t i o n  

m e t a l .   T h i s   a l l o y   may  be  d e p o s i t e d   on  an  e l e c t r i c a l l y  

c o n d u c t i v e   l a y e r   or  on  an  i n s u l a t i n g   l a y e r   t h a t   i s  

o x i d a t i o n   r e s i s t a n t   and  t h e   t h i c k n e s s   of  t h e   o x i d i z e d  

a l l o y   s h o u l d   be  w i t h i n   t h e   r a n g e   of  5  to   50  n a n o m e t e r s .  

The  o x i d a t i o n   of  t h i s   a l l o y   a t   t e m p e r a t u r e s   of   a b o u t  

400°C  or  h i g h e r   f o r   s e v e r a l   m i n u t e s   or  up  to   one  h o u r  

or  l o n g e r   p r o d u c e s   a  h i g h   d i e l e c t r i c ,   low  l e a k a g e  

i n s u l a t o r   w h i c h   i n c l u d e s   a  s i l i c a t e   or  m i x t u r e   h a v i n g   a  

t r a n s i t i o n   m e t a l   o x i d e   and  s i l i c o n   d i o x i d e .   By  d e p o s i t -  

i ng   a  c o n d u c t i v e   l a y e r   o v e r   t h e   s i l i c a t e ,   a n - i m p r o v e d  

h i g h   c a p a c i t a n c e   c a p a c i t o r   may  be  f o r m e d .  

The  i n v e n t i o n   w i l l   be  a p p a r e n t   f rom  t h e   f o l l o w i n g   a n d  

more  p a r t i c u l a r   d e s c r i p t i o n   of   t h e   p r e f e r r e d   e m b o d i m e n t s  

of  t h e   i n v e n t i o n ,   as  i l l u s t r a t e d   in   t h e   a c c o m p a n y i n g  

d r a w i n g s .  

F i g .   1  i l l u s t r a t e s   in  s e c t i o n a l   v i e w   a  l a y e r   o f  

t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   h a v i n g   a  

h i g h   c o n c e n t r a t i o n   of   t r a n s i t i o n   m e t a l  

f o r m e d   on  a  s e m i c o n d u c t o r   s u b s t r a t e  

p r i o r   to   o x i d a t i o n ;  

F i g .   2  i l l u s t r a t e s   a  s e c t i o n a l   v i e w   s i m i l a r   t o  

t h a t   of   F i g .   1  b u t   t a k e n   a f t e r   t h e   a l l o y  

has   b e e n   o x i d i z e d   and  w i t h   a  c a p a c i t o r  

e l e c t r o d e   or  p l a t e   d e p o s i t e d   t h e r e o n ;  

F i g .   3  i s   a  g r a p h   i n d i c a t i n g   t h e   r e l a t i o n s h i p  

b e t w e e n   t h e   c a p a c i t a n c e   of   a  c a p a c i t o r  

of  t h e   t y p e   i l l u s t r a t e d   in   F i g .   2  a n d  



t h e   i n i t i a l   t h i c k n e s s   of  t h e   a l l o y   u s e d  

to  form  t h a t   c a p a c i t o r ;  

F i g .   4  i s   a  g r a p h   i n d i c a t i n g   t h e   c u r r e n t  

l e a k a g e   of  a  c a p a c i t o r   of  t h e   t y p e  

i l l u s t r a t e d   in  F i g .   2  as  a  f u n c t i o n   o f  

a p p l i e d   v o l t a g e ;  

F i g .   5  i l l u s t r a t e s   in  s e c t i o n a l   v i e w   a  l a y e r   o f  

t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   h a v i n g   a  

h i g h   c o n c e n t r a t i o n   of  t r a n s i t i o n   m e t a l  

f o r m e d   on  an  i n s u l a t o r   p r i o r   to   o x i d a t i o n ;  

F i g .   6  i l l u s t r a t e s   a  s e c t i o n a l   v i e w   s i m i l a r   t o  

t h a t   of  F i g .   5  b u t   t a k e n   a f t e r   t h e   a l l o y  

has   b e e n   o x i d i z e d ;  

F i g .   7  i l l u s t r a t e s ,   in  s e c t i o n a l   v i e w ,   a  l a y e r  

of  t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   h a v i n g  

a  c o n c e n t r a t i o n   of  s i l i c o n   w h i c h   i s   s u b -  

s t a n t i a l l y   h i g h e r   t h a n   t h a t   in   t h e   a l l o y  

i l l u s t r a t e d   in  F i g .   1  f o r m e d   on  an  i n s u l a -  

t o r   p r i o r   to   o x i d a t i o n ;   a n d  

F i g .   8  i l l u s t r a t e s   a  s e c t i o n a l   v i e w   s i m i l a r   t o  

t h a t   of  F i g .   7  b u t   t a k e n   a f t e r   t h e   a l l o y  

has   b e e n   o x i d i z e d .  

R e f e r r i n g   to  F i g .   1  of  t h e   d r a w i n g s   in  more  d e t a i l ,  

t h e r e   i s   i l l u s t r a t e d   in  s e c t i o n a l   v i e w   a  s e m i c o n d u c t o r  

s u b s t r a t e   or  w a f e r   10  made  of   s i l i c o n   w i t h   a  l a y e r   o f  

t a n t a l u m   s i l i c i d e   12  d e p o s i t e d   on  t h e   s u b s t r a t e   1 0 .  

The  t a n t a l u m   s i l i c i d e   may  be  c o n v e n i e n t l y   d e p o s i t e d   i n  

a  v a c u u m   o n t o   t h e   s u b s t r a t e   10  by  e v a p o r a t i n g   b o t h  

t a n t a l u m   and  s i l i c o n   w i t h   known  d u a l   e l e c t r o n   b e a m  



t e c h n i q u e s .   A d d i t i o n a l l y ,   t h e   a l l o y   may  be  p r o d u c e d   b y  

w e l l   known  s p u t t e r   d e p o s i t i o n   t e c h n i q u e s .   The  t a n t a l u m  

s i l i c i d e   l a y e r   12  may,  p r e f e r a b l y ,   have   a  t h i c k n e s s   o f  

a b o u t   4  to  16  n a n o m e t e r s .   A f t e r   t h e   a l l o y ,   t a n t a l u m  

s i l i c i d e ,   f o r m i n g   l a y e r   12  of   F i g .   1  has   b e e n   d e p o s i t e d ,  

t h e   a l l o y   i s   o x i d i z e d ,   p r e f e r a b l y   in   d r y   o x y g e n ,   a t   a  

t e m p e r a t u r e   of  a b o u t   400°C  or  h i g h e r   f o r   s e v e r a l   m i n u t e s  

or  more   u n t i l   a l l   of  t h e   a l l o y   i s   c o n v e r t e d   i n t o   a  s i -  

l i c a t e   l a y e r   12'   w h i c h   i n c l u d e s   a  m i x t u r e   of  t a n t a l u m  

o x i d e   Ta205  and  S i 0 2 ,   as  i n d i c a t e d   in  F i g .   2  of  t h e   d r a w -  

i n g s .   The  l a y e r   12'  may  be  p a t t e r n e d   w i t h   any  s u i t a b l e  

e t c h i n g   t e c h n i q u e   to  f o r m   any  d e s i r a b l e   d e s i g n ,   s u c h   a s  

d i e l e c t r i c   s e g m e n t s   f o r   s t o r a g e   c a p a c i t o r s .   The  e t c h i n g  

t e c h n i q u e   may  be  any  d r y   or  wet   e t c h i n g   t e c h n i q u e   t h a t  

i s   n o r m a l l y   u s e d   f o r   e t c h i n g   s i l i c o n   d i o x i d e .   A  c o n d u c t -  

i v e   l a y e r   14  made  o f ,   e . g . ,   d o p e d   p o l y s i l i c o n ,   a  m e t a l l i c  

s i l i c i d e   or  a  m e t a l ,   i s   d e p o s i t e d   on  t h e   o x i d e   m i x t u r e  

l a y e r   12'   to  fo rm  a  c a p a c i t o r   h a v i n g   e l e c t r o d e s   or   p l a t e s  

10  and  14  w i t h   t h e   d i e l e c t r i c   med ium  1 2 ' .   The  c a p a c i t o r  

i l l u s t r a t e d   in   F i g .   2  of  t h e   d r a w i n g s   made  in   a c c o r d a n c e  

w i t h   t h e   t e a c h i n g s   of  t h e   s i m p l e   p r o c e s s   of   t h i s   i n v e n -  

t i o n   has   a  d i e l e c t r i c   medium  12'   h a v i n g   a  d i e l e c t r i c  

c o n s t a n t   w h i c h   i s   3  to   4  t i m e s   g r e a t e r   t h a n   t h a t   o f  

s i l i c o n   d i o x i d e   and  w i t h   c u r r e n t   l e a k a g e   n e a r l y   as  l o w  

as  t h a t   of  s i l i c o n   d i o x i d e .   F u r t h e r m o r e ,   t h e   d i e l e c t r i c  

med ium  12'   can   w i t h s t a n d   t e m p e r a t u r e s   of  1000°C  a n d  

h i g h e r   f o r   l o n g   p e r i o d s   of  t i m e   w i t h o u t   a d v e r s e l y   a f f e c t -  

i n g   i t s   q u a l i t y   i n d e x .  

A  c a p a c i t o r   h a v i n g   t h e   c h a r a c t e r i s t i c s   i n d i c a t e d   h e r e i n -  

a b o v e   i s   p a r t i c u l a r l y   u s e f u l   in   s e m i c o n d u c t o r   i n t e g r a t e d  

c i r c u i t s   s u c h   as  s t o r a g e   c a p a c i t o r s   or  n o d e s   in   v e r y  
d e n s e   memory  s y s t e m s   s i n c e   a  s t o r a g e   c a p a c i t o r   of  a  

g i v e n   d i m e n s i o n   p r o v i d e s   a  s t r o n g e r   s i g n a l   w i t h   a  

d i e l e c t r i c   med ium  h a v i n g   a  h i g h e r   d i e l e c t r i c   c o n s t a n t .  



A l t h o u g h   t h e   l a y e r   12  in  F i g .   1  of  t h e   d r a w i n g s   has   b e e n  

i d e n t i f i e d   as  b e i n g   made  of  t a n t a l u m   s i l i c i d e ,   i t   s h o u l d  

be  u n d e r s t o o d   t h a t   o t h e r   t r a n s i t i o n   m e t a l   s i l i c i d e s ,  

s u c h   as  t h o s e   made  of  h a f n i u m   ( H f ) ,   z i r c o n i u m   ( Z r ) ,  

l a n t h a n u m   ( L a ) ,   y t t r i u m   (Y),   s c a n d i u m   ( S c ) ,   n i o b i u m   (Nb) 

and  v a n a d i u m   (V),   may  a l s o   be  u s e d .   P r e f e r r e d   t r a n s i t i o n  

m e t a l   s i l i c i d e s   in  a d d i t i o n   to   t a n t a l u m   s i l i c i d e ,   a r e  
h a f n i u m   s i l i c i d e   HfS i   w h i c h   a f t e r   o x i d a t i o n   p r o d u c e s  
m i x t u r e   l a y e r   12'   i n c l u d i n g   h a f n i u m   d i o x i d e   Hf02  a n d  

s i l i c o n   d i o x i d e   S i 0 2 ,   and  y t t r i u m   s i l i c i d e   YSi  w h i c h  

a f t e r   o x i d a t i o n   p r o d u c e s   m i x t u r e   l a y e r   12'  i n c l u d i n g  

y t t r i u m   d i o x i d e   Y02  and  s i l i c o n   d i o x i d e   S i 0 2 .   I t   s h o u l d  

a l s o   be  u n d e r s t o o d   t h a t   t h e   l a y e r   12  in  F i g .   1  m a y  
i n c l u d e   any  t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   h a v i n g   a b o u t  

40%  to  90%  t r a n s i t i o n   m e t a l   by  a t o m i c   v o l u m e   so  t h a t  

l a y e r   12'  f o r m s   a  m i x t u r e   w h i c h   i n c l u d e s   an  o x i d e   o f  

t h e   t r a n s i t i o n   m e t a l   and  an  o x i d e   of  t h e   s i l i c o n .  

As  i s   known,   s i l i c o n   d i o x i d e   has   a  d i e l e c t r i c   c o n s t a n t  

of  3 . 9 ,   w h e r e a s   o x i d e s   of  t r a n s i t i o n   m e t a l s   s u c h   as  t a n -  

t a l u m   have   a  d i e l e c t r i c   c o n s t a n t   of  a b o u t   30.  H o w e v e r ,  
t a n t a l u m   o x i d e   has   a  l e a k a g e   w h i c h   i s   a b o u t   1 0 0 , 0 0 0  
t i m e s   t h a t   of  s i l i c o n   d i o x i d e   a n d ,   f u r t h e r m o r e ,   t a n t a l u m  

o x i d e   c a n n o t   w i t h s t a n d   t e m p e r a t u r e s   h i g h e r   t h a n   4 0 0 ° C  

to  500°C  w i t h o u t   a d v e r s e l y   a f f e c t i n g   i t s   q u a l i t y   i n d e x .  

A c c o r d i n g l y ,   when  t a n t a l u m   o x i d e   i s   u s e d   in  s e m i c o n d u c -  

t o r   i n t e g r a t e d   c i r c u i t s ,   i t   m u s t   be  f o r m e d   l a t e   in   t h e  

i n t e g r a t e d   c i r c u i t   p r o c e s s   a f t e r   a l l   h o t   p r o c e s s   s t e p s  
have   b e e n   p e r f o r m e d .  

By  u s i n g   t h e   p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   to   p r o d u c e  
d i e l e c t r i c   m a t e r i a l s ,   t h e   c u r r e n t   l e a k a g e   a t   a  5  v o l t  

a p p l i e d   b i a s   i s   c o n s i d e r a b l y   d e c r e a s e d   o v e r   t h a t   f o u n d  

in  d i e l e c t r i c   m a t e r i a l   u s i n g   t r a n s i t i o n - m e t a l   o x i d e  

a l o n e ,   s i n c e   t h e   c u r r e n t   l e a k a g e   d e c r e a s e s   e x p o n e n t i a l -  



ly  f rom  a b o u t   10-4   to  10-8   a m p e r e s   p e r   s q u a r e   c e n t i m e t e r  

as  t h e   c o n t e n t   of  s i l i c o n   d i o x i d e   in  t h e   m i x t u r e   l a y e r  

12'   of  F i g .   2  i n c r e a s e s   f rom  0%  to  100%,  w h i l e   t h e  

d i e l e c t r i c   c o n s t a n t   of  t h e   m i x t u r e   l a y e r   12'  d e c r e a s e s  

o n l y   l i n e a r l y   f rom  a b o u t   30  to   3 .9   as  t h e   c o n t e n t   o f  

t h e   s i l i c o n   d i o x i d e   in   t h e   m i x t u r e   l a y e r   12'  of  F i g .   2 

i n c r e a s e s   f rom  0%  to  1 0 0 % .  

T a b l e   I ,   s e t   f o r t h   h e r e i n b e l o w ,   i n d i c a t e s   some  of  t h e  

e l e c t r i c a l   p r o p e r t i e s   of  m i x t u r e   l a y e r   12'  made  of  t a n t a -  

lum  o x i d e   (Ta205)   and  s i l i c o n   d i o x i d e   ( S i 0 2 )   when  t a n t a -  

lum  s i l i c i d e   ( T a 9 S i 2 )   i s   o x i d i z e d   as  d e s c r i b e d   h e r e i n a b o v e  

and  of  h a f n i u m   d i o x i d e   (Hf02)   and  s i l i c o n   d i o x i d e   ( S i 0 2 )  
when  h a f n i u m   s i l i c i d e   ( H f 4 S i )   i s   s i m i l a r l y   o x i d i z e d ,   w i t h  

c o n d u c t i v e   l a y e r   14  of  F i g .   2  b e i n g   a  .075  c e n t i m e t e r   d o t  

made  of  m o l y b d e n u m   and  l a y e r   10  b e i n g   made  of  s i l i c o n .  



I t   can  be  s e e n   t h a t   a f t e r   o x i d a t i o n   t h e   t h i c k n e s s   of  t h e  

m i x t u r e   or  s i l i c a t e   12'  of  F i g .   2  i n c r e a s e s   up  to   t w o  

to  t h r e e   t i m e s   t h a t   of  t h e   t h i c k n e s s   of  t h e   s i l i c i d e  

l a y e r   12  of  F i g .   1.  T h e s e   s a m p l e s   we re   s l o w l y   i n s e r t e d  

i n t o   an  o x y g e n   a t m o s p h e r e   a t   1000°C  and  b a k e d   f o r   a p p r o x i -  

m a t e l y   one  h o u r .  

The  g r a p h   in  F i g .   3  of  t h e   d r a w i n g s   i n d i c a t e s   t h e   c a p a c i t -  

a n c e   v a r i a t i o n s   of  a  .075  cm  d o t   of  t h e   t y p e   i l l u s t r a t e d  

in  F i g .   2  of  t h e   d r a w i n g s   as  a  f u n c t i o n   of  i n i t i a l   t h i c k -  

n e s s   of  h a f n i u m   s i l i c i d e   ( H f 7 S i 4 ) .   I t   can  be  s e e n   t h a t  

a t   an  i n i t i a l   s i l i c i d e   t h i c k n e s s   of  4  n a n o m e t e r s   t h e   c a -  

p a c i t o r   has   a  c a p a c i t a n c e   of  a p p r o x i m a t e l y   900  p i c o f a r a d s  

and  i n c r e a s e s   r a t h e r   r a p i d l y   to   a p p r o x i m a t e l y   2100  p i c o -  

f a r a d s   a t   an  i n i t i a l   s i l i c i d e   t h i c k n e s s   of  7  n a n o m e t e r s .  

B e t w e e n   a b o u t   12  and  16  n a n o m e t e r s   t h e   c a p a c i t a n c e   d e -  

c r e a s e s   f a i r l y   r a p i d l y   f rom  a  h i g h   of  o v e r   2200  p i c o f a r a d s  

to  a p p r o x i m a t e l y   1200  p i c o f a r a d s .   I t   has   b e e n   f o u n d   t h a t  

t h e   r e l a t i v e l y   low  c a p a c i t a n c e   p r o d u c e d   a t   4  n a n o m e t e r s  

of  s i l i c i d e   i s   due  to   t h e   f o r m a t i o n   of  a  l a y e r   of  s i l i c o n  

d i o x i d e   b e t w e e n   t h e   s i l i c o n   s u b s t r a t e   10  and  t h e   h a f n i u m  

o x i d e - s i l i c o n   d i o x i d e   m i x t u r e   l a y e r   12'  of  F i g .   2  c a u s e d  

by  t h e   p e n e t r a t i o n   of  t h e   o x y g e n   to   t h e   s u r f a c e   of  t h e  

s i l i c o n   s u b s t r a t e   10  d u r i n g   o x i d a t i o n .   Of  c o u r s e ,   t h e  

d e c r e a s e   in  c a p a c i t a n c e   b e t w e e n   12  and  16  n a n o m e t e r   t h i c k -  

n e s s   of  s i l i c i d e   i s   c a u s e d   s i m p l y   by  t h e   t h i c k n e s s   of   t h e  

s i l i c a t e   b e t w e e n   t h e   c a p a c i t o r   e l e c t r o d e s   10  and  14  o f  

F i g .   2.  T h i c k n e s s e s   a b o v e   16  n a n o m e t e r s   of  t h e   s i l i c i d e  

c o n t i n u e   to   e x h i b i t   t h e   h i g h   d i e l e c t r i c   and  low  l e a k a g e  

p r o p e r t i e s   in   t h e   h a f n i u m   o x i d e - s i l i c o n   d i o x i d e   m i x t u r e  

u n t i l   t h e   t h i c k n e s s   of  t h e   s i l i c a t e   e x c e e d s   a b o u t   50 

n a n o m e t e r s .   At  t h i s   l a t t e r   t h i c k n e s s ,   t h e   d i e l e c t r i c  

c o n s t a n t   r e m a i n s   h i g h ,   h o w e v e r ,   m i c r o   f i s s u r e s   b e g i n   t o  

fo rm  in  t h e   m i x t u r e   c a u s i n g   u n d e s i r a b l e   c u r r e n t   l e a k a g e .  



The  l e a k a g e   i n d i c a t e d   in   F i g .   3  of  t h e   d r a w i n g s   i s   w o r s t  

c a s e   l e a k a g e .  

In  F i g .   4  of  t h e   d r a w i n g s ,   t h e r e   i s   a  g r a p h   i n d i c a t i n g  

t h e   r e l a t i o n s h i p   b e t w e e n   c u r r e n t   l e a k a g e   and  a p p l i e d  

v o l t a g e   to   a  c a p a c i t o r   of  t h e   t y p e   i l l u s t r a t e d   in   F i g .   2 

of  t h e   d r a w i n g s   h a v i n g   a  t i t a n i u m   d o t   of  .075  cm  when  15 

n a n o m e t e r s   of  t a n t a l u m   s i l i c i d e   ( T a g S i 2 )   d e p o s i t e d   o n  

t h e   s i l i c o n   s u b s t r a t e   10  we re   o x i d i z e d   to   fo rm  45  n a n o -  

m e t e r s   of  a  t a n t a l u m   o x i d e - s i l i c o n   d i o x i d e   m i x t u r e   1 2 ' .  

I t   can   be  s e e n   t h a t   up  to   a b o u t   s e v e n   v o l t s ,   i . e . ,   w i t h -  

in  t h e   r a n g e   g e n e r a l l y   u s e d   in  s e m i c o n d u c t o r   i n t e g r a t e d  

c i r c u i t   a p p l i c a t i o n s ,   t h e   c u r r e n t   l e a k a g e   i s   s m a l l .   T h e  

w o r s t   c a s e   i s   shown  w i t h   t h e   s i l i c o n   s u b s t r a t e   10  b e i n g  

p o s i t i v e   (+)  w i t h   r e s p e c t   to   c o n d u c t i v e   l a y e r   14  o f  

F i g .   2 .  

A l t h o u g h   t h e   s u b s t r a t e   10  in  F i g s .   1  and  2  was  i n d i c a t e d  

as  b e i n g   made  of  s i l i c o n ,   i t   s h o u l d   be  u n d e r s t o o d   t h a t  

t h e   s u b s t r a t e   10  may  a l s o   be  made  of  c o n d u c t i v e   or  i n -  

s u l a t i n g   m a t e r i a l   as  l o n g   as  t h e   m a t e r i a l   i s   o x i d a t i o n  

r e s i s t a n t ,   h o w e v e r ,   m a t e r i a l s   s u i t a b l e   f o r   f o r m i n g   a  

c a p a c i t o r   e l e c t r o d e   a r e   p r e f e r r e d .   I f   t h e   s i l i c a t e   i s   n o t  

r e q u i r e d   on  a  s e m i c o n d u c t o r   or  c o n d u c t o r   s u b s t r a t e ,   a n  

i n s u l a t i n g   l a y e r   16  c o n v e n i e n t l y   made  of   s i l i c o n   d i o x i d e  

may  be  u s e d ,   as  i n d i c a t e d   in  F i g .   5  of  t h e   d r a w i n g s ,   o n  

w h i c h   a  l a y e r   18  of  t a n t a l u m   s i l i c i d e   ( T a S i )   has   b e e n  

d e p o s i t e d .   By  o x i d i z i n g   t h e   t a n t a l u m   s i l i c i d e   l a y e r   18 

in  t h e   m a n n e r   d e s c r i b e d   h e r e i n a b o v e   in  c o n n e c t i o n   w i t h  

t h e   s t r u c t u r e   i l l u s t r a t e d   in  F i g .   1  of  t h e   d r a w i n g s ,  

t h e   s i l i c i d e   l a y e r   18  i s   c o n v e r t e d   i n t o   a  s i l i c a t e   l a y e r  

18'   of  F i g .   6  h a v i n g   t h e   same  t a n t a l u m   o x i d e - s i l i c o n  

d i o x i d e   m i x t u r e   i n d i c a t e d   in  l a y e r   12'  of  F i g .   2.  A s  

w i t h   t h e   s i l i c i d e   in   l a y e r   12  of  F i g .   1,  t h e   l a y e r   18 

of  F i g .   5  has   o x y g e n   p e n e t r a t i n g   t h e r e i n   to  c o n v e r t   t h e  



t a n t a l u m   s i l i c i d e   i n t o   t a n t a l u m   o x i d e   and  s i l i c o n   o x i d e ,  

h a v i n g   e l e c t r i c a l   p r o p e r t i e s   s i m i l a r   to  t h o s e   d e s c r i b e d  

h e r e i n a b o v e   in   r e g a r d   to   t he   s i l i c a t e   or  m i x t u r e   o f  

l a y e r   12'   of  F i g .   2 .  

To  fo rm  t h e   t r a n s i t i o n   m e t a l   o x i d e - s i l i c o n   d i o x i d e   s i l i -  

c a t e   or  m i x t u r e ,   t h e   s i l i c i d e   w h i c h   i s   o x i d i z e d   s h o u l d  

g e n e r a l l y   c o n t a i n   more  t r a n s i t i o n   m e t a l   t h a n   s i l i c o n ,  

a l t h o u g h   40%  to   90%  m e t a l   by  a t o m i c   v a l u e   has   b e e n  

f o u n d   to   be  s a t i s f a c t o r y .   I f   a  s i l i c i d e   s u c h   as  t a n t a -  

lum  d i s i l i c i d e   ( T a S i 2 ) ,   w h i c h   c o n t a i n s   s u b s t a n t i a l l y  

more  s i l i c o n   t h a n   t a n t a l u m ,   i s   d e p o s i t e d   in  t h e   fo rm  o f  

a  l a y e r   20  on  a  s i l i c o n   d i o x i d e   s u b s t r a t e   22  shown  i n  

F i g .   7  of  t h e   d r a w i n g s ,   d u r i n g   o x i d a t i o n   t h e   o x y g e n  
r e a c t s   w i t h   t h e   e x c e s s   s i l i c o n   in  t h e   t a n t a l u m   s i l i c i d e  

( T a S i 2 )   to  f o rm  u p p e r   s i l i c o n   d i o x i d e   l a y e r   24  w i t h   t h e  

l a y e r   20'   of  s i l i c a t e   or  m i x t u r e   t a n t a l u m   o x i d e - s i l i c o n  

d i o x i d e   b e i n g   i n t e r p o s e d   b e t w e e n   t h e   s i l i c o n   d i o x i d e  

l a y e r   24  and  t h e   s u b s t r a t e   22,   as  i l l u s t r a t e d   in   F i g .   8 

of  t h e   d r a w i n g s .   I f   t h e   u p p e r   s i l i c o n   d i o x i d e   l a y e r   24  

i s   n o t   n e e d e d ,   i t   may  be  r e m o v e d   by  e m p l o y i n g   k n o w n  

e t c h i n g   t e c h n i q u e s .  

I t   can   be  s e e n   t h a t   a  n o v e l   d i e l e c t r i c   m i x t u r e   f o r   a  

c a p a c i t o r   has   b e e n   p r o v i d e d   w h i c h   i s   made  by  o x i d i z i n g  

a  l a y e r   of  t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   h a v i n g   f r o m  

a b o u t   40%  to  90%  t r a n s i t i o n   m e t a l   by  a t o m i c   v o l u m e .  

The  t r a n s i t i o n   m e t a l - s i l i c o n   a l l o y   i s   d e p o s i t e d   o n t o   a n  

o x i d a t i o n   r e s i s t a n t   s u b s t r a t e ,   w h i c h   may  be  made  of  s e m i -  

c o n d u c t o r ,   c o n d u c t o r   or  i n s u l a t o r   m a t e r i a l .   The  a l l o y   i s  

o x i d i z e d ,   p r e f e r a b l y   in  d ry   o x y g e n ,   a l t h o u g h   we t   o x y g e n  

may  a l s o   be  u s e d ,   a t   a  t e m p e r a t u r e   w h i c h   i s   p r e f e r a b l y  

400°C  or  h i g h e r   f o r   s e v e r a l   m i n u t e s   or  l o n g e r   u n t i l   a l l  

of  t h e   a l l o y   i s   c o n v e r t e d   i n t o   a  s i l i c a t e   or  m i x t u r e  

w h i c h   i n c l u d e s   t h e   t r a n s i t i o n  m e t a l   o x i d e   and  t h e   s i l i -  



con  d i o x i d e .   The  s i l i c a t e   or  m i x t u r e   p r e f e r a b l y   has   a  

t h i c k n e s s   of  5  to   50  n a n o m e t e r s .   The  s i l i c a t e   may  b e  

p a t t e r n e d   by  known  e t c h a n t s ,   e . g . ,   as  u s e d   w i t h   d ry   o r  

wet   e t c h i n g   t e c h n i q u e s   f o r   p a t t e r n i n g   s i l i c o n   d i o x i d e  

l a y e r s .   An  e l e c t r i c a l l y   c o n d u c t i v e   l a y e r ,   w h i c h   m a y  
be  made  of  d o p e d   p o l y s i l i c o n ,   a  s i l i c i d e   or  a  m e t a l ,  

i s   d e p o s i t e d   o n t o   t h e   s i l i c a t e   to  p r o d u c e   a  h i g h  

d i e l e c t r i c   c o n s t a n t - l o w   l e a k a g e   c a p a c i t o r .  

I f   d e s i r e d ,   t h e   s i l i c a t e   or  m i x t u r e   may  be  f o r m e d   f r o m  

t h e   m e t a l - r i c h   t r a n s i t i o n   m e t a l   s i l i c i d e   by  e m p l o y i n g  

known  a n o d i z i n g   t e c h n i q u e s ,   a l t h o u g h   o x i d a t i o n   in  d r y  

o x y g e n   i s   p r e f e r r e d .   F u r t h e r m o r e ,   t h e   h o m o g e n e o u s   o x i d e  

m i x t u r e   may  a l s o   be  d i r e c t l y   f o r m e d   d u r i n g   d e p o s i t i o n  

by  u s e   of  known  r e a c t i v e   s p u t t e r i n g   or  r e a c t i v e   e v a p o r a -  
t i o n   t e c h n i q u e s .   To  o b t a i n   t h e   h i g h e s t   a c h i e v a b l e  

e l e c t r i c a l   q u a l i t y ,   t h e   o x i d e   m i x t u r e   d e r i v e d   f r o m   t h e  

a b o v e   i n d i c a t e d   t e c h n i q u e s   s h o u l d   be  s u b s e q u e n t l y   h e a t e d  

w i t h i n   an  o x y g e n   a t m o s p h e r e   u n d e r   t h e   same  t e m p e r a t u r e  
c o n d i t i o n s   i d e n t i f i e d   h e r e i n a b o v e .  

I t   has   b e e n   f o u n d   t h a t   d i r e c t   i n s e r t i o n   of  t h e   s u b s t r a t e  

w i t h   t h e   t r a n s i t i o n   m e t a l   s i l i c i d e   i n t o   an  o x i d a t i o n  

a t m o s p h e r e   i s   d e s i r e d .   For   d e n s e l y   p a c k e d ,   f u l l   s i z e d  

s i l i c o n   w a f e r s ,   i t   i s   d e s i r e d   to   u t i l i z e   s l ow   i n s e r t i o n  

i n t o   a  f u r n a c e   so  as  to   a c h i e v e   u n i f o r m   c o n v e r s i o n .   N o n -  

u n i f o r m i t y   r e s u l t s   f rom  b o t h   u n e v e n   h e a t i n g   and  t h e  

r a p i d i t y   of  t h e   c o n v e r s i o n   r e a c t i o n .   The  m e c h a n i s m   i s  

b e l i e v e d   to   be  s i m i l a r   to   t h a t   o b s e r v e d   f o r   t h e   o x i d a t i o n  

of  p o r o u s   s i l i c o n ,   i . e . ,   v e r y   r a p i d   i n t e r g r a n u l a r   p e n e -  
t r a t i o n  o f   t h e   o x i d a n t   f o l l o w e d   by  d i f f u s i o n   l i m i t e d  

r a d i a l   p e n e t r a t i o n   i n t o   t h e   c o r e   of  t h e   p o r o u s   m e t a l  

s i l i c i d e   g r a i n .   T r a n s i t i o n   m e t a l   s i l i c i d e s   t h a t   h a v e  

b e e n   a n n e a l e d   or  p r e - s i n t e r e d   do  n o t   c o n v e r t   r e a d i l y .  

For   s u f f i c i e n t l y   t h i n   c o n v e r t e d   s i l i c i d e s   o v e r   b a r e   s i -  



l i c o n   s u b s t r a t e s ,   g r o w t h   of  an  i n t e r f a c e   s i l i c o n   d i o x i d e  

o c c u r s   as  a  f u n c t i o n   o f  o x i d a t i o n   t i m e .   T h i s   c o n d i t i o n  

p r o v i d e s   s t a b l e   c a p a c i t o r - v o l t a g e   t r a c e s   w i t h   l i t t l e  

h y s t e r e s i s   and  m o d e r a t e l y   low  i n t e r f a c e   s t a t e s .   E t c h i n g  

t e s t s   w i t h   b u f f e r e d   h y d r o f l u o r i c   a c i d   (HF)  show  t h a t  

t he   e t c h   r a t e   of  t h e   s i l i c a t e   i s   a p p r o x i m a t e l y   o n e - f i f t h  

t h a t   of  p u r e   s i l i c o n   d i o x i d e .   A  d e s i r e d   image   d e f i n i n g  

p r o c e d u r e   f o r   s t o r a g e   node   a p p l i c a t i o n s   can  u se   l i f t  

o f f   t e c h n i q u e s   f o r   t h e   e v a p o r a t e d   a l l o y .  

A c c o r d i n g l y ,   a  c a p a c i t o r   i n c l u d i n g  a   d i e l e c t r i c   m e d i u m  

h a v i n g   a  h i g h   q u a l i t y   i n d e x ,   i . e . ,   h i g h   d i e l e c t r i c   c o n -  

s t a n t   and   low  c u r r e n t   l e a k a g e ,   p a r t i c u l a r l y   s u i t a b l e  

f o r   use   in  d e n s e   i n t e g r a t e d   memory  c i r c u i t s ,   has   b e e n  

p r o v i d e d   by  e m p l o y i n g   a  s i m p l e   f a b r i c a t i o n   p r o c e s s .  
F u r t h e r m o r e ,   t h e   d i e l e c t r i c   medium  m a y  b e   p r o d u c e d   a t  

any  s t a g e   d u r i n g   t h e   m a k i n g   of  s e m i c o n d u c t o r   i n t e g r a t e d  

c i r c u i t s   s i n c e   t h e   d i e l e c t r i c   medium  can   r e a d i l y   w i t h -  

s t a n d   and  i s   s t a b l e   a t   h i g h   t e m p e r a t u r e s   of   more  t h a n  

1000°C  w i t h o u t   d e s t r o y i n g   t he   h i g h   q u a l i t y   i n d e x   of  t h e  

d i e l e c t r i c   m e d i u m .  



1.  A  p r o c e s s   f o r   m a k i n g   a  d i e l e c t r i c   m a t e r i a l   c o m -  

p r i s i n g   t h e   s t e p s   o f :  

p r o v i d i n g   a  l a y e r   of  a  t r a n s i t i o n   m e t a l - s i l i c o n  

a l l o y   h a v i n g   f rom  a b o u t   40%  to  90%  t r a n s i t i o n  

m e t a l   by  a t o m i c   v o l u m e ,   a n d  

o x i d i z i n g   s a i d   l a y e r   so  as  to  p r o d u c e   a  m i x t u r e  

of  an  o x i d e   of  s a i d   t r a n s i t i o n   m e t a l   and  an  o x i d e  

of  s a i d   s i l i c o n .  

2.  A  p r o c e s s   as  s e t   f o r t h   in  c l a i m   1  w h e r e i n   s a i d  

m i x t u r e   i s   a  h o m o g e n e o u s   m i x t u r e .  

3.  A  p r o c e s s   as  s e t   f o r t h   in  c l a i m   1  or  2  w h e r e i n  

s a i d   l a y e r   i s   o x i d i z e d   a t   a  t e m p e r a t u r e   of  4 0 0 ° C  

or  h i g h e r .  

4.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d   m i x t u r e   has   a  t h i c k n e s s  

b e t w e e n   5  and  50  n a n o m e t e r s .  

5.  A  p r o c e s s   as  s e t   f o r t h   in   one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d   a l l o y   l a y e r   has   a  t h i c k n e s s  

b e t w e e n  4   and  16  n a n o m e t e r s .  

6.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d   a l l o y   l a y e r   i s   o x i d i z e d   u n t i l  

a l l   of  s a i d   l a y e r   i s   c o n v e r t e d   i n t o   s a i d   m i x t u r e .  



7.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d  a l l o y   l a y e r   i s   o x i d i z e d   in  d r y  

o x y g e n .  

8.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d   t r a n s i t i o n   m e t a l   i s   s e l e c t e d  

f rom  t h e   g r o u p   c o n s i s t i n g   of  t a n t a l u m ,   h a f n i u m ,  

z i r c o n i u m ,   t i t a n i u m ,   l a n t h a n u m ,   y t t r i u m ,   s c a n d i u m ,  

n i o b i u m   and  v a n a d i u m .  

9.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s   w h e r e i n   s a i d   a l l o y   i s   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  h a f n i u m   s i l i c i d e   H f S i ,   t a n -  

t a l u m   s i l i c i d e   T a S i ,   and  y t t r i u m   s i l i c i d e   Y S i .  

10.  A  p r o c e s s   as  s e t   f o r t h   in  c l a i m   8  w h e r e i n   s a i d  

a l l o y   i s   d e p o s i t e d   on  an  e l e c t r i c a l l y   c o n d u c t i v e  

s u b s t r a t e   and  f u r t h e r   i n c l u d i n g   d e p o s i t i n g   a  

c o n d u c t i v e   l a y e r   on  s a i d   m i x t u r e .  

11.  A  p r o c e s s   as  s e t   f o r t h   in  one  of  c l a i m s   1  to  9 

w h e r e i n   s a i d   a l l o y   i s   d e p o s i t e d   on  a  s u b s t r a t e   o f  

i n s u l a t i n g   m a t e r i a l .  

12.  A  c a p a c i t o r   s t r u c t u r e   h a v i n g   f i r s t   and  s e c o n d   c o n -  .  

d u c t i v e   l a y e r s ,   and  a  d i e l e c t r i c   l a y e r   i n t e r p o s e d  

b e t w e e n   s a i d   c o n d u c t i v e   l a y e r s ,   and  p r e f e r a b l y  

m a n u f a c t u r e d   as  s e t   f o r t h   in  one  of  t h e   p r e c e d i n g  

c l a i m s ,  

c h a r a c t e r i z e d   in  t h a t   t h e   d i e l e c t r i c   l a y e r   i n c l u d e s  

a  m i x t u r e   of  an  o x i d e   of  a  t r a n s i t i o n   m e t a l   and  a n  

o x i d e   of  s i l i c o n .  



13.  A  c a p a c i t o r   as  s e t   f o r t h   in  c l a i m   12  w h e r e i n   s a i d  

m i x t u r e   i s   a  h o m o g e n o u s   m i x t u r e   and  s a i d   t r a n s i t i o n  

m e t a l   i s   s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   o f  

t a n t a l u m ,   h a f n i u m ,   z i r c o n i u m ,   t i t a n i u m ,   l a n t h a n u m ,  

y t t r i u m ,   s c a n d i u m ,   n i o b i u m   and  v a n a d i u m .  

14.  A  c a p a c i t o r   as  s e t   f o r t h   in  c l a i m   13  w h e r e i n   s a i d  

t r a n s i t i o n   m e t a l   o x i d e   i s   s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  h a f n i u m   d i o x i d e   ( H f O 2 ) ,   t a n t a l u m  

p e n t o x i d e   (Ta205)   and  y t t r i u m   d i o x i d e   ( Y 0 2 ) .  

15.  A  c a p a c i t o r   as  s e t   f o r t h   in   c l a i m s   12,  13  or  14 

w h e r e i n   s a i d   d i e l e c t r i c   l a y e r   has   a  t h i c k n e s s  

b e t w e e n   5  and  50  n a n o m e t e r s .  
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